In vertebrates, the gonadotropin-releasing hormone (GnRH) decapeptide is secreted from hypothalamic nerve terminals to regulate reproduction via control of synthesis and release of pituitary gonadotropins. Only one GnRH peptide has been found in mammals, with one exception, although numerous other vertebrate species express more than one of the eight known decapeptide forms as shown by immunocytochemical labeling of distinct cell groups in the brain.
[His5,Trp7,Tyr8]GnRH (also referred to as chicken-Il), which differs from the mammalian sequence at amino acids 5, 7, and 8. This peptide has been shown to have the most potent releasing-hormone activity, although immunocytochemical staining has suggested it is synthesized only in the mesencephalon. Here we report the cloning and expression pattern of the gene for the precursor of this form from the teleost fish Haplochromis burtoni. This is the second GnRH-encoding gene to be characterized in this species. The newly discovered preprohormone gene differs from that previously reported in two ways. First, whereas the original gene predicts only a single associated peptide, this one predicts two associated peptides, both of which appear to be unique. Second, the gene for [His5,Trp7,Tyr8IGnRH is expressed in only one cell group in the mesencephalon. In contrast, the previously reported gene is expressed only in the terminal nerve. The striking differences between the preprohormone structure and localization suggest that the genes coding for the two known GnRH forms in H. burtoni did not arise from a recent duplication event. Interestingly, neither of the two genes found to date in this species is expressed in cells which project from the hypothalamus to the pituitary, suggesting that yet a third gene coding for GnRH may exist.
The amino acid sequence of the gonadotropin-releasing hormone (GnRH) family of decapeptides has been remarkably conserved during 500 million years of vertebrate evolution. During this time, eight decapeptide forms have evolved, and immunocytochemistry has shown them to be expressed in vertebrate brains (1) (2) (3) (4) (5) (6) . The most ubiquitous alternative form of GnRH is [His5,Trp7,Tyr8]GnRH (also referred to as chicken-II), which differs from the mammalian sequence at the fifth, seventh, and eighth amino acids. This peptide has been shown to have the most potent releasing-hormone activity (7) , although immunocytochemical staining has localized it only in cell bodies ofthe mesencephalon (8) . The GnRH motif may have served much longer, since yeast a mating factor has been reported to have 80% amino acid sequence homology (9) and demonstrated releasing-factor properties when applied to mammalian pituitary tissue (9) . In the eight GnRH forms sequenced to date at the peptide level (refs. 10 and 11; see Fig. 1 (23) (24) (25) (26) and is the most effective form in stimulating ovulation when administered in vivo (7). This potency is surprising, since [His5,Trp7,Tyr8]GnRH is not the predominant GnRH isoform expressed in cells that project to the pituitary but, rather, is typically found in midbrain neuronal populations (27) (28) (29) (30) (31) (32) (33) (34) . Moreover, neither expression levels (35) nor inhibition by specific antibodies of [His5,Trp7,Tyr8]GnRH correlates with the reproductive cycle (36) . Characterization of the cDNA encoding this enigmatic GnRH form could provide insight about the evolutionary origins of GnRH and may serve as a tool in the search for its expression in mammalian species.
In the African cichlid fish Haplochromis burtoni, reproductive capacity is regulated through social interactions (37, 38) , and GnRH-containing neurons in the hypothalamic preoptic area are implicated in this process (39, 40 (12, 13) . Residues which differ from those in the mammalian form are identified by both position and residue; thus, salmon GnRH polymerase chain reaction (PCR) strategy (Fig. 1B ) using brain regions known to contain GnRH neuronal populations (see Fig. 4 for schematic view of H. burtoni brain). Animals were sacrificed and whole brains were removed as described (41) . The dorsal portion of the telencephalon and the entire optic tectum and cerebellum from each brain were removed. Total RNA was isolated from the remaining ventral portions by guanidine thiocyanate/acid/phenol extraction and converted into cDNA by reverse transcriptase (Superscript, BRL). cDNA synthesis was primed with 0.5 pg of a bipartite oligonucleotide consisting of a homopolymer of nine thymidine residues at the 3' end. The 5' domain comprised a sequence of 14 nucleotides which included a restriction endonuclease recognition site [5'-GCAGAAGCTTCAGC(Tg)-3'].
The resulting cDNA was used as substrate for nested PCR. In both rounds of amplification, the downstream primer was equivalent to the 5' domain of the bipartite oligonucleotide, described above. In the first PCR, the upstream primer was a pool of 24 PCR products were separated by electrophoresis in a 1.5% GTG agarose gel (FMC) and products >300 bases were electroeluted and subcloned into M13 phage vector for sequence analysis (4) . Nucleotide sequences were analyzed for the presence of the second upstream primer (ending in the codon for amino acid 9; see Fig. 1 ), followed by a codon for the final conserved amino acid of the decapeptide, Gly1o, and sequences for the canonical GnRH amidation and peptide processing site, Gly11-Lys12-Arg13 (42) .
Construction of cDNA Library -and Sequence Determination. To obtain full-length coding sequences, polyadenylylated RNA was isolated from H. burtoni ventral brain regions (see above) and used to construct a cDNA library in AgtlO. Two hundred fifty thousand primary recombinants were screened (Genescreen; DuPont/NEN) with a radiolabeled oligonucleotide 29 bases in length (5'-GGGAATGCAGC-TACCTGAGACCCCAGAGG-3') derived from a putative [His5,Trp7,Tyr8]GnRH PCR product. Positively hybridizing phage were purified by successive rescreening at reduced density. The cDNA inserts were subcloned into M13 phage and the nucleotide sequences were determined by the conventional dideoxy chain-termination method. A cDNA containing the full-length coding sequence was subcloned into a transcription vector (Pselect, United States Biochemical) for generation of sense and antisense RNA probes.
Northern Analysis of [His5,Trp7,TyrJGnRH Precursor.
Northern blots of total RNA were prepared (4) and probed with antisense RNA probes synthesized with SP6 RNA polymerase, incorporating [a-32P]UTP to a specific activity of 3 x 1io dpm/pg. In addition, poly(A)+ RNA was isolated from whole brains (RiboSep, Collaborative Biomedical Products, Bedford, MA), prepared as a Northern blot, and used for both high-and low-stringency hybridizations. Hybridization mixtures contained =107 dpm per ml. High-stringency conditions were obtained in 50%o formamide at 650C with washes in 0.lx standard saline citrate (SS() at 700C. Lowstringency hybridizations were with 50% formamide at 370C and washes in 0.2x SSC at 52(C.
In Situ Hybridization. The site of [His5,Trp7,Tyr8]GnRH mRNA production in H. burtoni brain was assessed by in situ hybridization. Animals (n = 8) were sacrificed, brains were removed, and tissue was fixed as described (41 (Fig. 2) . The first 23 residues are largely hydrophobic and most likely constitute a signal peptide as is found in many polyprotein neuroendocrine precursors (42) . The signal sequence is in direct linkage with [His5,Trp7,Tyr8]GnRH, which is followed by GlyIi-Lysl2_
Arg13. These residues follow the decapeptide sequence in all of the other cloned GnRH preprohormones and serve as substrates for posttranslational processing (42) . The remainder of the precursor may code for two additional peptides also generated by proteolytic processing, neither of which shows any homology to sequences in protein databases. One peptide, 28 residues in length, is followed by dibasic residues (Arg-Arg; see Fig. 2 (Fig. 3) used to probe Northern blots of total brain poly(A)+ RNA at both high and low stringencies. The results (not shown) indicate that the probes for the two preprohormones do not cross-hybridize at either stringency with the alternative transcript.
[His5,Trp7,Tyr8]GnRH mRNA, localized by in situ hybridization, was found only in a cluster of neurons found in the mesencephalon (Fig. 4 Upper) previously shown to contain GnRH by immunocytochemistry (39) . Interestingly, [His5,Trp7,Tyr8]GnRH mRNA was not expressed in the hypothalamic preoptic nucleus (Fig. 4 Lower Left), which projects to the pituitary and hence probably does not directly influence gonadotropin activation. The probes for the two species of GnRH found in H. burtoni do not crossreact either when applied in situ (see Fig. 4 ) or in Northern blots (see above). Thus, different GnRH-encoding genes are expressed in distinct brain regions.
DISCUSSION
In H. burtoni, as in other vertebrates, three neuronal populations have been shown to contain GnRH by immunocytochemistry: the terminal nerve, the hypothalamic/preoptic area, and the mesencephalon (refs. 39 and 41; see Fig. 4 Upper). Here we have shown that [His5,Trp7,Tyr8]GnRH mRNA is expressed only in the mesencephalic population (Fig. 4 Lower Left). In contrast, [Trp7,Leu8]GnRH mRNA is localized only in the terminal nerve nucleus of the telencephalon (Fig. 4 Lower Right). Further, the lack of in situ hybridization within the GnRH-immunoreactive cells of the hypothalamic/preoptic area (Fig. 4) (27) (28) (29) (30) (31) (32) (33) (34) These forms may be truly absent, their functions obsolete or appointed to the hypothalamic form, or possibly they have been overlooked due to structural modifications which prevent their detection by GnRH-specific antibodies.
As puzzling as the apparently limited distribution of [His5,Trp7,Tyr8]GnRH in mammals is the lack of a detectable hypothalamic GnRH precursor in H. burtoni. Reproductive capacity in this fish is controlled by social interactions (37, 38) and mediated via the GnRH-containing neurons in the preoptic area (39) (40) (41) . It seems likely that a third GnRH form in H. burtoni is produced in these neurons and represents the teleost counterpart to mammalian GnRH responsible for controlling reproductive circuitry. Thus, in H. burtoni, the three GnRH-containing neuronal populations might each contain unique decapeptide and precursor forms serving reproductively related but distinct functions. The peptides associated with the two nonhypothalamic forms of GnRH are likely to play important physiological roles which may have contributed to their distinct spatial expression during the course of evolution.
The isolation of the cDNA encoding the [His5,Trp7,-Tyr8]GnRH preprohormone will allow homologous genes in other species to be identified, offering a window onto the functional and evolutionary relationships among the forms of GnRH.
